Significance of this study
What is already known about this subject? ► Schistosomiasis is a neglected tropical parasitic disease affecting over 230 million people worldwide. ► Current control programs centered on mass drug administration of praziquantel are inadequate. ► Elimination of schistosomiasis is only attainable through integrated control programs with an effective vaccine serving as a fulcrum. ► The large subunit of Schistosoma mansoni calcium-activated neutral protease (calpain), Sm-p80, is a leading schistosomiasis vaccine.
What are the new findings?
► Sm-p80 vaccine formulated in synthetic hexa-acylated lipid A derivative, glucopyranosyl lipid A (GLA) formulated in aluminum (GLA-Alum) provided significant protection against S. mansoni infections in mice and baboons. ► GLA adjuvant formulated in Alum did not maximize the immunogenicity and efficacy of Sm-p80 vaccine. ► Immunizations with Sm-p80+GLA-Alum induced significant production of Sm-p80-specific antibodies (immunoglobulin (Ig)G, IgG1, IgG2a and IgM). ► Sm-p80-mediated balanced T-helper (Th) cells (Th1/Th2/Th17) immune responses are associated with immune protection in vaccinated animals.
AbSTrACT Sm-p80, the large subunit of Schistosoma mansoni calpain, is a leading candidate for a schistosomiasis vaccine. The prophylactic and antifecundity efficacy of Sm-p80 has been tested in three animal models (mouse, hamster and baboon) using a multitude of vaccine formulations and approaches. In our continual effort to enhance the vaccine efficacy, in this study, we have utilized the adjuvant, synthetic hexa-acylated lipid A derivative, glucopyranosyl lipid A (GLA) formulated in aluminum (GLA-Alum) with recombinant Sm-p80. The rSm-p80+GLA-Alum immunization regimen provided 33.33%-53.13% reduction in worm burden in the mouse model and 38% worm burden reduction in vaccinated baboons. Robust Sm-p80-specific immunoglobulin (Ig) 
InTrOduCTIOn
Schistosomiasis is a neglected tropical disease of significant public health importance that has the potential to impact up to an estimated one billion people worldwide. Approximately 237 million people are currently infected and an additional 800 million people are in danger of being exposed to this parasitic infection in 78 countries. [1] [2] [3] The estimated disability adjusted life years associated with schistosomiasis is 3.6 million, 4 and health-related quality of life indicate that schistosomiasis is potentially causing a much higher disease burden than was previously estimated. 5 Mass antiparasitic drug administration programs using praziquantel and other control strategies have made inroads in reducing the disease burden of schistosomiasis. 6 However, most experts agree that a sustainable and meaningful reduction in the disease burden and transmission would only be possible through the deployment of a vaccine in conjunction with current control programs. 4 7 The large subunit of Schistosoma mansoni calpain, Sm-p80, is expressed in all S. mansoni life cycle stages. [8] [9] [10] Sm-p80 plays critical roles in schistosome tegument biogenesis/renewal, a mechanism employed to modulate and/or evade their host immune attack. 8 11 With respect to schistosomiasis vaccine development, Sm-p80 is regarded as a leading candidate having demonstrated significant protection against S. mansoni challenge infections in addition to cross-species protection against Schistosoma haematobium and Schistosoma japonicum infections in rodent and baboon models. 10 12-16 Adjuvants are utilized to improve or modulate the intrinsic immunogenicity of an antigen to selectively switch the onset of a specific cell-mediated response in addition to the antibody response. 17 18 Based on our previous efficacy studies using Sm-p80 antigen formulated in either glucopyranosyl lipid A in stable, oil-in-water emulsion (GLA-SE) 19 or alum hydroxide 16 which showed significant protection against S. mansoni infections, we hypothesized that Sm-p80 vaccine formulated with GLA adsorbed on alum hydroxide (GLA-Alum) would enhance its efficacy. GLA and Alum hydroxide adjuvants are currently used in many commercially available vaccine formulations and are potent stimulators of T-helper (Th)1 and Th2 cell immune responses, respectively. 20 21 In this present study, we assessed the protective efficacy of Sm-p80+GLA-Alum vaccine against S. mansoni infections in mice as well as in a pilot study using non-human primate model of infection and disease.
MATerIAlS And MeTHOdS

Animals and parasites
Mice aged 3-4 week, female C57BL/6, were purchased from Charles River Laboratories International (Wilmington, Massachusetts, USA). Animal husbandry and all performed procedures were guided by the principles of the Institutional Animal Care and Use Committee. Olive baboons (Papio anubis) aged 11-16 years were bred in the Association for Assessment and Accreditation of Laboratory Animal Care and International-accredited facilities at the University of Oklahoma Health Sciences Center (OUHSC). Animals were prescreened for intestinal and blood parasites and for antibodies that are cross-reactive to Sm-p80. Infected Biomphalaria glabrata snails, the intermediate host of S. mansoni, were provided by Schistosomiasis Resource Center (Biomedical Research Institute, Rockville, Maryland, USA). On the day of challenge, infected snails were exposed under light to induce cercarial shedding. The number and viability of cercariae were counted under a light microscope.
Preparation of recombinant protein Sm-p80
The recombinant Sm-p80 protein (rSm-p80) was produced using prokaryotic expression system as previously described. 10 In brief, the full length Sm-p80 gene cloned into pCold II (GenScript Corp., Piscataway, New Jersey, USA) and transformed into BL21 (DE3) Escherichia coli strain (Invitrogen Corp., Carlsbad, California, USA). The expression of recombinant protein was induced by 0.75 mM isopropyl β-D-1-thiogalactopyranoside. Expressed protein was purified by affinity chromatography followed by size exclusion chromatography. Endotoxin levels in purified protein samples were analyzed with a Limulus amebocyte lysate assay (Charles River Laboratories International) and the quality of rSm-p80 analyzed by sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and western blotting.
Animal immunization and challenge
Formulated GLA-Alum was provided by PAI Life Sciences. For the mouse experiment, three independent vaccine trials were conducted with a total of 10 mice per trial, divided randomly into the control group (n=5) and the experimental group (n=5). Each mouse in the control groups was immunized with 5 µg GLA-Alum, while those in the experimental group were immunized with 25 µg rSm-p80 in combination with 5 µg GLA-Alum. Primary immunization followed by two boosters were administered intramuscularly at weeks 0, 4 and 8, respectively. Four weeks after the last immunization of each trial, the mice were challenged with 150 S. mansoni cercariae via tail exposure. For the pilot baboon experiment, six baboons were randomly divided into control (n=3) and experimental (n=3) groups. The control group received 50 µg GLA-Alum, while the experimental group received 250 µg rSm-p80 with 50 µg GLA-Alum at weeks 0, 4 and 8. Four weeks after last immunization, all the baboons were exposed to 1000 S. mansoni cercariae at the deposit site of the axillary cavity. Online Supplementary table 1 shows immunization protocol and the experimental schedule.
Animal necropsy, worm and egg burden
All animals were sacrificed at week 6 (mouse experiment) or week 8 (baboon experiment) post challenge. Adult worms were recovered by perfusion of the portal system and the mesenteric veins. 22 23 The liver and intestine of individual animals were excised for digestion overnight at 37°C in 4% potassium hydroxide. 23 Eggs were counted to determine the egg burden for each animal. The reduction (P) in worm and egg burdens were calculated by comparing control (C) and experimental (I) groups with a standard formula:
Serum antibody response to vaccination
Blood samples were collected from individual animals at 2-week intervals (mouse experiment) or 4-week intervals (baboon experiment) and sera were isolated for antibody level determination using ELISA as already described. 12 15 Briefly, 96-well plates were coated with rSm-p80 (1.2 µg/ well). Sm-p80-specific antibody titres for total IgG subtypes, IgA and IgM were determined using either horseradish peroxidase labeled antimouse or antimonkey secondary antibodies (Alpha Diagnostics International, San Antonio, Texas, USA). The results were expressed as mean of endpoint titres±SD as previously published.
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Cell proliferation and Th1/Th2 skewed cytokine response
Peripheral blood mononuclear cells (PBMCs) from the two groups of baboons were isolated by density gradient centrifugation using HISTOPAQUE−1077 (Sigma-Aldrich, St. Louis, Missouri, USA) every 4 weeks. After euthanasia, spleen cells and lymph node cells from baboons were isolated and stored. In the mouse experiment, the spleens were removed from each animal after sacrifice and splenocyte suspensions were prepared for 3-(4,5-dimethylethiazol-2-yl)−2,5-diphenytetrazolium bromide (MTT) assay. A standard MTT assay was performed as follows: in a 96-well flat bottom plate, PBMCs, lymph node cells and splenocytes (5×10 5 /200 µL/well) were stimulated with 0.5 µg of concanavalin (ConA), 1.2 µg of recombinant Sm-p80 or 1.2 µg of ovalbumin (OVA). After 48 hours of incubation at 37°C, 100 µL of supernatant was gathered for cytokine production assay by ELISA. Twenty microlitres of MTT was then added to the remainder during cell proliferation, as described in previous papers.
13 15 25-29 Hundred microlitres of dimethyl sulfoxide was then loaded into each well to dissolve the formazan salt crystals. The plate was read at OD 500 nm and SI was calculated as the ratio of OD 550 nm of stimulated cells to non-stimulated cells. Th1/Th2 cytokines (interleukin (IL)-2, IL-4, interferon (IFN)-γ and IL-10) were detected using a murine cytokine Th1/Th2 ELISA panel kit (ebiosciences, San Diego, California, USA) and monkey cytokine ELISA kits (U-cyTech, The Netherlands). These were performed according to the manual provided by the manufacturer. All in vitro experiments were done in triplicates.
mrnA expressions of cytokines detected by reverse transcription-PCr (rT-PCr)
In a six-well plate, 2×10 7 PBMCs and lymph node cells from baboons and splenocytes from mice and baboons were seeded and maintained in complete Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum, 100 µg/mL of penicillin G, 100 µg/mL of streptomycin and 10 µg/mL of gentamicin, with or without 12 µg/mL of recombinant Sm-p80 for 24 hour at 37°C. After 24 hour, the cells were collected and washed with ice-cold phosphate buffered saline. RNA was extracted using the TRIzol method (Invitrogen Corp.). RNA (0. 12 15 16 26 29 The RT-PCR products were analyzed on a 2% agarose gel, and the relative difference was determined using Quantity One (V.4.6.2, Bio-Rad, Hercules, California, USA). All in vitro experiments were done in triplicates.
Th1, Th2 and Th17 phenotype analysis by enzyme-linked ImmunoSpot (elISPOT)
ELISPOT assay was used to spot IL-4, IFN-γ and IL-17 secreting cells stimulated with recombinant Sm-p80 in vitro. Briefly, PBMCs from baboons and splenocytes from mice were seeded (3×10 5 cells/100 µL/well) on the 96-well precoated (anti-IFN-γ, anti-IL-4, or anti-IL-17, R&D, Minneapolis, Minnesotta, USA; U-cyTech). The cells were stimulated with either 0.5 µg ConA or 5 ng phorbol 12-myristate 13-acetate plus 100 ng ionomycin or 1.2 µg recombinant Sm-p80 or 1.2 µg ovalbumin and incubated at 37°C with 5% CO 2 for 48 hours. Spotforming unit (SFU) representing single cells were counted using an ELISPOT Bioreader 5000 (ImmunoBioSystem, The Colony, Texas, USA). Antigen-specific SFU per well was calculated by subtracting its background value (medium control well without antigen), as described in previous studies. 12-14 19 28 All assays were done in triplicates.
Flow cytometry
In a 24-well plate, 2×10 6 PBMCs from baboons and 4×10 6 splenocytes from mice were cultured in each well in the presence of 12 µg/mL of recombinant Sm-p80 for 24 hours at 37°C. The cells were maintained solely in normal complete RPMI media as a control. BD GolgiStop Protein Transport Inhibitor was added in the last 10 hours of incubation. Cells maintained in phorbol 12-myristate 13-acetate (100 ng/mL) and ionomycin (1 µg/mL) were processed as positive controls. The splenocyte staining procedure was performed following the instructions provided by the Mouse Th1/Th2/Th17 Phenotype Kit (BD Biosciences, San Diego, California, USA). Following two washes with staining buffer, the cells were fixed and permeabilized with cold BD Cytofix buffer and BD Perm/ Wash buffer. Twenty microlitres of cocktail antibody (antimouse CD4Peridinin Chlorophyll Protein Complex (PERCP)-CY5.5, antimouse IL-17A phycoerythrin (PE), antimouse IFN-γ flourescein isothiocyanate (FITC) and antimouse IL-4allophycocyanin (APC) was added to each tube and incubated for 30 min at room temperature. For baboon PBMCs, PerCP-Cy5.5-conjugated mouse antihuman CD4 was used to identify CD4+ T cells. The addition of APC-mouse antihuman IL-4, PE-mouse antihuman IFN-γ and FITC-mouse antihuman IL-17 were then added for intracellular staining to detect IFN-γ, IL-4 and IL-17 secreting cells. All immunological reagents and antibodies were purchased from BD Biosciences (San Diego, California, USA). Data were collected using CellQuset Prosoftware (BD Biosciences) and analyzed via FlowJo software (Tree Star, Ashland, Oregon, USA).
Statistical analysis
Significance between the control and experimental groups was calculated via the independent two-sample t-test or the Mann-Whitney-Wilcoxon rank-sum test, using Sigma Plot (V.11.0, Systat Software). Bonferroni adjustments were included for multiple comparisons to reduce the risk of reaching false conclusions based on chance. P<0.05 was considered significant. 
reSulTS
Protective efficacy of rSm-p80 vaccination with GlAAlum adjuvant
The protective efficacy of Sm-p80+GLA-Alum was evaluated in both baboon and three independent mouse trials as described above. 
robust humoral immunity induced by vaccination
Mouse sera from each group were pooled for ELISA. The titres for the total IgG and subtypes were analyzed based on specific time points. In the experimental group, the titres of Sm-p80-specific antibodies were detected starting at week 2 and reached a peak at week 6, week 8 or week 10. Among the specific antibodies, the total IgG and IgG2a remained the highest at 1:204 800 and 1:12 800 from week 10 and week 12, respectively, and their peaks were delayed 2 weeks in comparison to IgG1, IgG2b and IgA. IgG1, IgG2b and IgA reached peaks of 1:6400 at week 8 through week 12. However, IgG3 failed to exhibit an increase from week 2 onward. IgM started to decrease at week 12 after the peak level of 1:3200 from week 6 to week 10. The peak levels of rSm-p80-specific antibodies in the murine model experiment are shown in figure 1A .
In baboons from the experimental group, the total IgG and its subtypes reached a peak of 1:12 800-1:25 600 (IgG), 1:800-1:6400 (IgG1), 1:100-1:400 (IgG2) and 1:200 (IgG3) at week 12; IgM and IgA were at their highest between 1:800-1:3200 and 1:1600-1:3200 at week 8, respectively. shows the peak levels of Sm-p80-specific antibodies from individual baboons following vaccination.
Cell proliferation and cytokine production induced by rSm-p80 re-stimulation
Specific antigen-induced cell proliferation was tested in vitro. In both experiments, stimulation indices (SI) in ConA-stimulated cells were higher than those stimulated by rSm-p80 or OVA (data not shown). Additionally, when comparing the SI from the baboon experimental group (splenocytes: 1.49±0.07; PBMC: 1.59±0.07; lymph node cells: 1.16±0.04) with the SI of the control group (splenocytes: 1.25±0.06; PBMC: 1.22±0.06; lymph node cells: 0.96±0.04), cells in the experimental group were more sensitive to rSm-p80 stimulation. After 48 hours incubation with OVA, there were no differences found between the control and experimental groups (data not shown). In the mouse experiment, SI of Sm-p80-stimulated splenocytes between control and experimental groups showed a slight difference, but lacked significance (control: 1.49±0.33, experimental: 1.73±0.77).
The data from cytokine productions in vitro showed a large amount of IFN-γ released from all three cell types in experimental groups of baboon experiment and splenocytes in experimental groups of mouse experiment after Sm-p80 restimulation (table 3) . In addition to IFN-γ, IL-2 was increasingly synthesized in Sm-p80 specific antigen-triggered cells from experimental groups of mouse and baboon studies. In contrast to IFN-γ and IL-2, the production of IL-4 was only increased in mouse splenocytes subsequent to Sm-p80 stimulation, and the increase of IL-10 secretion was only shown in Sm-p80-stimulated splenocytes in experimental groups of mouse and baboon experiments (table 3) . 30 SFU per million formed in the experimental group. This showed an approximate twofold increase between the control and experimental group. The number of IL-4 SFU per million showed a 6.2-fold increase in the experimental group compared with the control group. For IL-17, 41 SFU per million were observed in control group and 91 SFU per million were observed in experimental group, exhibiting a 2.2-fold increase compared with the control group ( figure 3A) . In the baboon experiment, the mean of the control group was 165 IFN-γ secreting SFUs per million PBMCs and 967 IFN-γ secreting SFUs per million PBMCs in the experimental group. This indicated more than a 5.9-fold increase in IFN-γ secreting SFU per million in rSm-p80 formulated in GLA-Alum vaccinated animals when compared with their respective control group (adjuvant alone). Although the difference was seen in IFN-γ secreting SFU per million in PBMCs, there was no significance related to IL-4 and IL-17 secreting PBMCs in either the control or the experimental group (figure 3B).
Th1, Th2 and Th17 subset assay via fluorescenceactivated cell sorting
Flow cytometry was performed to determine the roles of Th1, Th2 and Th17 responses in Sm-p80-mediated protection. Comparison of both control and experimental mouse groups showed no significant difference between the percentages of IFN-γ and IL-17 secreting splenocytes ( figure 4A) . However, the percentage of IL-4 secreting splenocytes in the experimental group had a 2.4-fold increase in comparison to the control group. Similarly, the percentages of IFN-γ and IL-17 secreting PBMCs in the baboon experiment did not exhibit a noticeable difference between the control and experimental group. However, the percentage of IL-4 secreting PBMCs in the experimental group was reduced by 7% in comparison to the control group (figure 4B).
dISCuSSIOn
Over the past two decades, our group has adopted a systematic approach to develop a Sm-p80-based schistosomiasis vaccine. Efficacy studies using different Sm-p80 vaccine formulations and/or strategies in rodent and baboon models of infection and disease have consistently shown promising results. 6 10 12-16 19 25-34 In this present study, we assessed the efficacy of Sm-p80 antigen combined with GLA adsorbed on aluminum hydroxide (Sm-p80+GLA-Alum) in mice and in a non-human primate pilot study. Our results showed that vaccination with Sm-p80+GLA-Alum reduced worm burden by 39%-44% and intestinal egg load by 38% in immunized mice and baboons, but not as significant as we have previously published with either Sm-p80+GLA-SE or Sm-p80+Alum alone 16 formulations. This result indicates that GLA-Alum adjuvant does not provide improvement in Sm-p80 vaccine efficacy despite the successes reported in other systems using GLA-Alum such as ID93-based vaccine against tuberculosis. 35 High antibody production plays a significant role in immune protection against schistosomiasis. 27 29 36-38 For instance, studies utilizing natural host of schistosomes (rhesus macaques) and/or semi-permissive hosts (outbred rats) have shown that resistance to schistosome infections are almost entirely antibody mediated. [38] [39] [40] Immunizations with Sm-p80+GLA-Alum induced robust production of Sm-p80-specific total IgG and IgG subtypes (IgG1, IgG2, IgG2 and IgG3) in both mice and baboons in addition to significant IgA and IgM production in vaccinated baboons.
The importance of Th1 type immune responses in the elimination of schistosomiasis has been demonstrated by our group and others. 10 36 37 41 42 Studies with radiation attenuated (RA) and recombinant vaccines in mouse and baboon models in addition to data from individuals naturally resistant to schistosomiasis (endemic normals or putative resistant individuals) 43 further support the role of strong Th1 immune responses (IFN-γ, IL-2, IL-1α and TNF-α) in immune-mediated protection against schistosome infections. 12 16 37 44 In this study, we observed an increased production of Th1 cytokines (IFN-γ, IL-2 and TNF-α) by circulating immune cells in animals immunized with Sm-p80+GLA-Alum. Interestingly, the production of intracellular Th2 and Th17 cytokines in stimulated splenocytes was only significant in vaccinated mice and not in the baboons. However, there was significant induction of Th2 cytokines (IL-4 and IL-1β) in stimulated lymph node cells from vaccinated baboons when compared with the control animals. Overall, Sm-p80+GLA-Alum elicited a mixed Th1/ Th2/Th17 immune responses which appeared to correlate with the protection observed. A mixed Th1/Th2 type immune responses have been associated with protection against schistosomiasis with Th2 responses thought to play significant roles. 45 The induction of Th2-type responses is known to contribute to the recruitment of basophils and eosinophils which are thought to be involved in schistosomula killing in vivo. 46 In summary, the data presented in this current study demonstrated that Sm-p80 vaccine formulated in GLA-Alum offered a moderate but significant protection against S. mansoni infections in both mice and baboons. However, our findings show that despite the diverse immune responses induced by Sm-p80+GLA-Alum formulation, we submit that GLA-Alum is insufficient in maximizing the immunogenicity of the Sm-p80 antigen. Therefore, GLA-Alum may not be suitable for the next of our Sm-p80 vaccine development.
